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AN ANALYSIS OF THE FULL-FLOATING JOURNAL BEARING

By M. C. Suaw and T. J. NussporrFer Jr.

SUMDMARY

An analysis of the operating characteristies of a full-floating-
journal bearing, a bearing in which a floating sleeve is located
between the journal and bearing surfaces, s presented fogether
with charts from which the performance of such bearings may be
predicted.  Eramples are presented to llustrate the use of these
charts and a [imited number of experiments conducted upon a
glass full-floating bearing are reported to rerify some resulis of
the analysis.

The floating sleerve can operate over a wide range of speeds for
a qiven shaft speed; the exact value principally depends on the
ratio of clearances and on the ratlo of radil of the bearing.
Lower operating temperatures at high rotative speeds are to be
exrpected by using a full-floating bearing than by use of a con-
ventional bearing. This lower operating temperature would be
obtained ai the expense of the load-carrying capacity of the
bearing 1if, for comparison, the clearances remain the same in
both bearings. A full-floating bearing having the same load
capacity as a conventional journal bearing may be designed if
decreased clearances are allowable.

INTRODUCTION

The recent use of high-speed turbines and compressors has
caused much interest in bearings and other machine elements
that are suitable for high-speed use. Overheating of journal
bearings, which is often encountered in high-speed operation,
is generally alleviated by increasing the clearance to induce
a greater oil flow. An increase in clearance, however, may
have objectionable effects, such as a decrease in load-carrying

scapacity or an increase in the tendency for oil-film whirl
(references 1 and 2).

The full-floating journal bearing (fig. 1) presents a means
of inereasing the oil flow without increasing the clearance
between adjacent mating surfaces. A floating sleeve between
the shaft and the bearing surface provides two channels
through which the oil may flow. A conventional journal
bearing and a full-floating bearing with greatly exaggerated
clearances are schematically shown in figure 2. The full-
floating bearing is capable of much greater oil flow and hence
should have better cooling characteristics for the same
clearance between sliding surfaces. The total allowable
deflection of the journal relative to the outer bearing housing

will be greater, however, for a full-floating bearing than for
an ‘“equivalent” journal bearing. An equivalent journal
bearing denotes a conventional journal bearing having the
same shaft diameter and the same clearance as the inner
clearance of the full-floating bearing except as noted else-
where. The viscosity of the oil and the unit bearing load
are also assumed equal.

The origin of the full-floating bearing is not known.
Stodola (reference 3) mentions the use of a multisleeve
bearing on a Parsons steam turbine; the function of this

{-Flocting sleeve “Oil supply

Figrre l.—Full-floating journal hearing.

Floating sleeve--

-=-Shaft--

Conventional bearing

Fuil-floating bearing

F1GURE 2.—Diagrammatic representation of conventional and full-foating journal bearings
operating under load.
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construction was to dampen the vibration from an un-
balanced rotor. From 1920 to 1930, full-loating bearings
were used extensively by the British in the connecting rods
of Bristol aircraft engines. Orloff discusses the temperature
characteristics of the full-floating bearing in reference 4.
Floating-type multiple-oil-ilm bearings are described in
references 5 and 6. Experiments by Ferretti (reference 7)
indicate that under light loads a needle bearing functions as
a full-floating bearing; the needles tend to rotate as a unit
rather than to roll.

Publishied information on the operating characteristies of
the full-floating bearing is incomplete and in some cases
misleading.  An analytical study of the {ull-floating bearing
was therefore made at the NACA Cleveland laboratory
during 1946 to determine better the operating characteristics
of this type of bearing. A full-floating bearing may be used
with two general types of load: a unidireetional load and a
rotating load. The theory is devcloped for a bearing
subjected to a unidirectional load and charts are presented
for use in the design of such bearings. The manner in
whiech these charts may be used for bearings subjected to a
rotating load is also presented. Experiments using a glass
bearing were included in this investigation to check some
of the general results of the analysis,

SYMBOLS

The following symbols are used in the computations of
the theoretical and the experimental analyses:

e radial clearance between journal and bearing sur-
faces, (in.)

€y speeifie heat of oil at constant pressure

E total work done per unit time in shearing oil film,
((in.) (Ib)/see)

¢ eccentricity of journal relative to bearing, (in.)

H heat gencrated per unit time in shearing oil film,
(Btu/sec)

h film thickness at any point in oil film, (in.)

L axial length of bearing, (in.)

N speed, (rpm)

n attitude, é

r unit bearing load on projected area, (Ib/sq in.)

P pressure at any point in oil film, (Ib/sq in.)

Q oil flow, (cu in./sec)

r radius, (in.)

S Sommerfeld number

8 shear stress at any point in oil film, (Ib/sq in.)

T friction torque, (in.-1b)

At temperature rise in oil film, (°F)

U boundary veloeity in positive-x direction, (in./sec)

U velocity of particle of oil in positive-x direction,
{in./sec) :

W bearing load, (1b) *

r, y, z axes of rectangular system of coordinates

¥ temperature criterion, <Qe / I,

, 7, 2 eylindrical coordinates (Sce appendix.)

u viscosity of lubrication, reyns or (Ib-seefsq in.)

¢ attitude angle (See appendix.)

Subscripts:

¢ equivalent journal bearing

f full-floating journal bearing

Nl full-floating journal bearing with restrained sleeve
For conventional journal bearing:

b bearing

J journal

For full-floating bearing with unidirectional load:
0 shaft surface

1 inner surface of floating sleeve
2 outer surface of floating sleeve
3 stationary bearing surface

For full-floating bearing with rotating load:
outer bearing surface

outer surface of floating sleeve
inner surface of Hoating sleeve
shaft surface

W I = O

THEORY

Two load-carrying oil films are associated with a full-
floating journal bearing subjected to a unidirectional load:
one in contact with the inner surface of the floating sleeve,
the other in contact with the outer surface. Viscous shear
in the inner oil film tends to make the floating sleeve rotate
with the journal; whereas shear in the outer oil film tends to
retard this rotation. The floating sleeve is thus subjected
to two torques of opposite sense, which cause this sleeve to
rotate at an equilibrium velocity between the velocity of the
journal and that of the stationary bearing.

Floating-sleeve speed.—The curves of figure 3 are con-
structed from equations (A25), (A27), and (A28) derived
in the appendix. From these curves, the ratio of the speed
of the floating sleeve to that of the journal N /N, may be
determined for any ratio of clearances ¢fe;, ratio of radii
rofry, and Sommerfeld number Sy (reference 8, pp. 23-26,
119-121)

where
¢

_ (1Y udVy
Sa-(a 7. 1

S;is the Sommerfeld number when the sleeve 1s assumed fixed,

Heat generated in full-fieating bearing.—Energy is dissi-
pated as heat in overcoming the viscous resistance to shear
in any hydrodynamic bearing. In normal operation, most
of the heat thus developed is carried away by the oil as it
flows from the ends of the bearing. In high-speed operation,
a high equilibrium temperature generally results. Compari-
son of the amount of heat generated in a full-floating bearing
with that produced in an equivalent journal bearing is there-
fore desirable.

All work done in shearing the two oil films of & full-floating
bearing must be supplied by the rotating shaft. The total
work Z, that is absorbed by the two oil films per unit time is
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therefore equal to the product of the friction force acting on
the inner journal and the velocity of this journal. From
equation (A17),
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The corresponding quantity for an equivalent journal bearmg

-n rgz ’ >] (m. reN, 3) :

E,,:[’})f ¢ W sin
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The ratio of the total heat generated in the full-floating
bearing to that developed in an equivalent journal bearing
is then
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Fravre 3.—Variation of speed ratio with Sommerfeld number for full-fioating bearing.

The following equation is computed by making N,=
c.=¢y, and r,=ryr; and applying equations (A24), (AQG),
and (A27) of the appendix to equation (4):

[1—n
\ 1 - nlz

A number of eurves showing the variation of the ratio of
heat generated H,/H, with the Sommerfeld number S, are
given in figure 4. These curves were obtained by use of
equation (5) and the speed-ratio curves of figure 3. '
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FIGURE 4.~—Variation of ratio of heat generated in full-foating bearing to heat generated in
equivalent journal bearing with Sommerfeld number.

Flow of lubricant through full-floating bearing.—In gen-~
eral, the two oil films in a full-floating bearing together per-
mit more oil to flow than the single film in an equivalent
bearing. In order to evaluate the relative flow through these
two bearings, 1t is first necessary to obtain an expression for
the flow between two close-fitting cylinders with parallel
axes. -

Orloff (reference 4) gives the following expression for the
flow between two parallel eccentric cylinders (with & change
of notation and units):

o5 a+1m) (6)

In this equation, the supply pressure p is assumed to be
constant along the periphery of the bearing. In an actual
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bearing, the pressure changes from point to point around the
bearing; for this case, p is a function of # and equation (6)
does not strictly apply. If the variation of pressure around
the equivalent and full-floating oil films is assumed to be
the same, however, then to a good approximation the pres-
sure may be canceled from the numerator and the denomi-
nator of the expression for the ratio of flow through the two
bearings. Thus

3 3
o %%§(1+1.5nﬁ)+% ’325%13(1“.5%2) |

R T eED RGN
(1+1.5n12)+<:—j‘> (%) (1415752
= I+1.5ng ®)

Curves showing the variation of oil-flow ratio @,/€, with
Sommerfeld number S, are given in figure 5. These curves
were obtained by use of equation (8) and the speed-ratio
curves of figure 3.
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FIGURE 5,—Variation of oil-flow ratio in full-Boating bearing to that in equivalent journal
bearing with Rommerfeld number,

Temperature criterion for full-floating bearing.—The oper-
ating temperature of a bearing is, in general, dependent upon
twe quantities: the amount of heat generated in the bearing
and the quantity of lubricant flowing through the bearing to
carry this heat away. Several other factors, such as the
specific heat of the Iubricant and the temperature difference
between the oil and the bearing surfaces, also influence the
resulting bearing temperature but to a lesser degree.

The operating temperature of a full-floating bearing can
be compared to that of an equivalent journal bearing by

means of a factor called the temperature criterion. In any
bearing problem, it is approximately correct to assume that
the heat generated is equal to the heat removed because most
of the heat is carried away by the oil. The following
equations may therefore be written:

H,=Q.c,At,
flf——-_ Q/CpAtf

where the oil-temperature rise At is proportional to the

bearing-temperature rise. Therefore,
gy ]
At Q.
bud SR, 4 X . !
H,

From equations (5) and (8),
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Y= 15?’!1 (1—n12) +1T2(2SC—SI)

(1+1.5n17)=<§f><2f)3(1+1.5n22) \/1_—_;;;

1-+1.5n2 1—ngt

(1M

The operating temperature of {he equivalent bearing will be
v times the operating temperature of the full-floating bear-
ing under the same conditions. Curves showing the varia-
tion of the temperature criterion with Sommerfeld number are

given in figure 6.
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FIGURE 6.—Variation of temperature criterion with Sommerfeld number.,

Operating characteristics of lightly loaded bearings.-—The
operating characteristics of the full-floating bearing are of
particular interest at very high values of Sommerfeld number,
inasmuch as such bearings are generally used at high speeds.
Values of speed ratio and temperature criterion are therefore
given in figure 7 for an unloaded bearing, which is equivalent
to a bearing operating with a high value of Sommerfeld
number.
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APPARATUS AND PROCEDURE

A photograph of the apparatus used to check part of the
foregoing analysis of the full-floating bearing is shown in
figure 8. The test shaft was supported by two standard,
self-alining, ball-bearing pillow blocks with the journal
midway between these supporting bearings. The brass
floating sleeve had a central ecircumferential oil groove
%. inch wide by %;inch deep on the inside and outside
surfaces. Six symmetrically spaced radial holes connected
the outer and inner oil grooves. The outer bearing was made
of precision-bore glass tubing ground to a close tolerance;
an inspection of the extent and condition of the oil film eould
therefore be made under operating conditions. In all experi-
ments, the pressure of the inlet oil supplied to the groove
through a hole in the glass bearing was maintained constant
at 15 pounds per square inch.

Three full-floating bearings of the following dimensions
were used:

Bearing
A B C
Journal dismeter, (in)....__. e 1.5286 | 1.5242 | 1.5242
Diameter of floating sleeve, (in.):
Instde . .o ...\...ieiccoiicceeeioooeooocoooo.o| 1.5325 | 1.5266 | 1.5325

Inside. .. e | 200013 | 20013 | 2.0013
Radial bearing clearance, (in.):

Inner, ¢y.oonaoo. N I {931 0012 L0042
Quter, €1 oo .0019 0020 . 0018
Ratio of clearances, eyfcs.. 1.00 67 43

Ratio of radil, refri.......
Bearing length, L, (in.y.__________
Ratio of bearing length to journal diamete

Inasmuch as glass was used as one of the bearing materials,
it was thought advisable to limit the applied load to relatively
low values. Failure of the bearing as indicated by stoppage
of the foating sleeve could, however, be caused at any value
of load by gradually reducing the speed of the shaft. The
bearing was always loaded unidirectionally by means of a
lever as shown in figure §; the range of load was from 0 to
50 pounds. The test shaft was driven at speeds ranging
from 150 to 5000 rpm. The speed of the foating sleeve was
determined by inspection under a stroboscopic light of
variable frequency. A few runs were made to check the
effect. of ratio of clearances upon speed ratio for an unloaded
bearing and also to check the effect of bearing load upon
speed ratio. In all runs the effective viscosity of the lubri-
cant was maintained at 3310 % reyns (SAE 10 o1l at 125° F).

RESULTS AND DISCUSSION

FULL-FLOATING BEARING WITH UNIDIRECTIONAL LOAD

Floating-sleeve speed.—The floating sleeve of a full-
floating bearing can operate over a wide range of speeds for
a given shaft speed; the exact value principally depends on
the ratio of clearances and on the ratio of radii of the bear-
ing. Except for low values of Sommerfeld number, which
are avoided in practice, the speed ratio N,/N, is independent
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FIGURE 8. —Apparatus used to study performance of full-Goating bearings
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of Sommerfeld number (fig. 4). Figure 7 may therefore
be used for lightly loaded bearings as well as for bearings
operating without load. The three data points shown in
figure 7 were obtained using three unloaded full-floating
bearings, each having & ratio of radii of 1.3. Two of these
points are seen to fall very close to the analytically deter-
mined solid curve, but the one correspending to the larger
ratio of clearances is somewhat below the theoretical curve.
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Fi16URE 9.-—Comparison of experimental and analytically determined values of speed ratio
at different values of Sommerfeld number. Ratio of radii rofry, 1.30.

Experimentally determined values of speed ratio are
shown in figure 9 plotted against Sommerfeld number for
full-floating bearings A and C, which have ratios of clear-
ances of 1.00 and 0.43, respectively. The experimental
points lie close to the analytically determined solid curve
over & wide range of loads in the case of the bearing C. The
points for the bearing A, however, deviate from the theoreti-
cal curve at low values of Sommerfeld number. Similar
runs were made on bearing B having a ratio of clearances of
1.67, but these peints were irreproducible unless the bearing
was operating completely unloaded. The experimental re-
sults indicate that the analytically determined curves approx-
imately represent the performance to be expected from a
lightly loaded full-floating bearing. The bearings with a
large ratio of clearances tend to be unstable when operated
under load.

Extent of oil film.—Observation of the outer oil flm
through the glass bearing under operating conditions corre-
sponding to those of the foregoing experiments showed the
oil film to be continuous at all points when the bearing was
loaded. As load was gradually applied, however, the film
became progressively discontinuous in the region beyond the
point of closest approach in the direction of rotation. The
rupture of the oil film, when the journal moves eccentrically,
is due to the tendency for high negative pressures to be
formed in the region where the surfaces are diverging. Be-
cause a film cannot withstand tension, it will break when a
negative pressure develops. Inasmuch as the analysis as-
sumed a complete oil film to exist at all times, failure of this
assumption to be completely realized could account for the
limited discrepancy existing between the experimental and
calculated data.

. Temperature characteristics.—Less total heat is generated
in the two oil films of a full-floating bearing than is generated
in the single oil film of an equivalent journal bearing. This
fact is evident from the curves of figure 4. In addition, fig-
ure 5 shows that the total oil flow through the two clearance
spaces of a full-floating bearing is always greater than that

through the single clearance space of the conventional bear-
ing. These two characteristics of the full-floating bearing
make its use of particular interest in high-speed applications
where the operating temperature is an important considera-
tions The temperature eriterion offers a convenient means
of evaluating the combined influence of an incrcase in flow
and a decrease in bearing friction on the operating tempera-
ture of the bearing. From figure 6 the temperature eriterion
is seen to be always greater than 1 and hence the full-floating
bearing is an advantageous design under all operating con-
ditions so far as bearing temperature is concerned.

Load capacity.—The full-floating bearing is considered Lo
faal when the speed ratio is either 0 or 1. This condition of
failure does not mean that the full-floating bearing as a unit
has seized to the housing because the unit may continue to
operate as a conventional journal bearing, with seizure ex-
isting between only one of the pairs of mating surfaces. The
full-floating bearing failed at the outer surface before it
failed at the inner surface in all cases. A comparison of {he
Sommerfeld numbers for the two oil films should indicate
which surface failed first.

From equations (A27) and (A29)

(Y

- (+w)
If this ratio is greater than I, the outer bearing surface should
fail before the inner surface. For bearings A and B the
value of the ratio S)/S; was greater than 1. The value of
this ratio for bearing C was 0.63 but it also failed on the
outside surface. This inconsisteney between the theoretical
and experimental results may be explained by consideration
of several unknown variables not taken into account: namely,
deflection of the floating sleeve, dirt in oil, different viscosity
of the oil in each oil film, and difference in coeflicients of
friction of the bearing materials. Equation (11) shows that,
if the floating sleeve is thick (ry/r; large) and the outer clear-
ance ¢, is small relative to the inner clearance, the bearing
may be made to fail on the inner surface first. Bearings of
practical proportions, however, should fail first on the outer
surface.

Inasmuch as the floating slecve of a full-floating bearing is
actuated by a fluid drive rather than by a positive mechan-
ical linkage, it may fail to rotate under certain circumstanees.
When the shaft starts to rotate, the floating sleeve will fail
to rotate if the boundary friction between the nner bearing
surfaces is considerably less than that between the outer
bearing surfaces. In general, the starting friction between
these two sets of surfaces will be about the same, but the
presence of a small amount of dirt between the outer bearing
surfaces may increase the starting friction in this region to
a value high enough to prevent the floating sleeve from ro-
tating. If metal-to-metal contact exists between the outer
bearing surfaces at the same time that & hydrodynamic film
exists between the inner surfaces, the hydrodynamic film will
be incapable of transmitting sufficient torque to the floating
sleeve to overcome the high starting friction between the
outer swfaces. This difficulty should be considered par-

(11)
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ticularly when the bearing is subjected to a unidirectional
load. In order to achieve normal operation of the bearing,
it i3 necessary to remove the load and to allow suffieient
time for an oil film to be established. A mechanical dis-
turbance such as vibration will shorten the time required
to establish this oil flm.

The failure of the full-floating bearing to funetion properly
at all times when started from rest is a decided disadvantage.
The choice of proper bearing materials to be used on inner
and outer bearing surfaces, however, can mitigate this diffi-
culty. The materials for the outer mating surfaces should
offer low friction under boundary conditions of lubrication
and also have good embeddability. The bearing materials
of the inner mating surfaces should offer high irietional re-
sistance under boundary conditions and should not have as
good embeddability, inasmuch as the presence of dirt between
these surfaces will angment the frictional resistance, which
eauses the floating sleeve to rotate. For example, aluminum
might be used against steel for the inner bearing surfaces
and lead against steel for the outer bearing surfaces.

Failure of the floating sleeve may also be caused by starv-
ing one of the oil films. Proper bearing design and sufficient
oil pressure will prevent failure of this nature.

When load eapacities are compared, the basis of the com-
parison is the equivalent journal bearing, as previously de-
fined. The low operating temperature of the full-floating
bearing may, however, allow smaller clearances between
adjacent surfaces than were necessary for the conventional
journal bearing. In this case, replacement of the conven-
tional bearing with a full-floating bearing having a load
capacity equal to or greater than the conventional journal
bearing would be possible.

Floating-sleeve whirl.—Qil-8lm whirl or shaft whirl is
generally caused by the action of the oil when the bearing is
supporting light loads at speeds above the eritical speed of
the shaft. It is undesirable because severe vibration and
bearing failures often result. The floating sleeve was ob-
served to whirl in the direction of journal rotation at shaft
speeds as low as 50 rpm when unloaded. The circumferen-
tial movement of the point of closest approach between the
floating sleeve and the glass bearing was quite distinet when
the fluorescent lubricant was observed by means of “black
light.””  With bearing B, the rotative speed of the point of
closest approach was found to vary from 0.329 to 0.717 times
the floating-sleeve speed as the floating-sleeve speed varied
from 217 to 630 rpm. The whirl speed is not one-half the
critical speed of the mechanical system as it has been re-
ported (references I and 2) to be in conventional high-speed
bearings. The whirling characteristics of the floating sleeve
of a full-floating bearing should be thoroughly investigated.
The proper choice of grooving in the surfaces of a full-
floating bearing may prevent this phenomenon.

Use of full-flosting-hearing charts.—An example is pre-
sented to illustrate the use of the full-floating-bearing charts
presented in figures 3 to 6. In order to illustrate the im-
portance of the relation between the inner and outer clear-
ances of a full-floating bearing, five bearings of various ar-

L]

rangements of clearances are analyzed. Representative
operating characteristics of these five full-floating bearings
as applied to a rotor of 2 compressor-turbine power plant are
presented in table 1.

TABLE I—REPRESEXNTATIVE OPERATING CHARACTERIS-
TICS OF FULL-FLOATING BEARINGS

Bearing B
1 2 3 4 3
Assumptions:
Journzal speed, N, (rpm) ............. 20,000 | 20,000 | 20,000 | 20,000 { 20,000
V Lcosxty, &, {reyms).. e eaa 5 centipoises=0.72X10—* reyns
' T 100 100 100 100 100
' f ' 2 2 2 2 z
1 1 1 1 1
. B L2 1.2 1.2 1.2 1.2
0.002 [ 0.00&; 0.001; 0.002; 0.002
) . 0.002; 0.002; 0.002) 0.001 0. 00%
CIea.rance ratio, c‘:/c; ................. 1.0 0.5 2.0 0.5 2.0
Ratlo of radii, n/n ___________________ 12 1.2 1.2 1.2 .2
Caleulated operatmg characteristics: .
Sommerfeld number:
Equivalent journal bearing, Sp..... 36 ¢ 144 36 36
Toner bearing, St ccoo oo 491 10.9 223 441 55.5
Quter bearing, Sa.__ ... 227 13.1 33.6 56 8 4
Bpeed ratio, N/Nu. .ooooooeennenann 0.37 0.21 0.54 0.23 0.5¢
Speed of foating sleeve, Ny, (rpm).. .. 7300 4200 | 10, 800 4500 | 10, 800
Flow ratio, Q//Q... e 2.2 12 10.6 12 0.6
Ratio of heat generated H, //H. ....... 0.64 0.78 0. 46 0.78 0. 16
Temperature eriterion, y.ooonooooo_o 3.5 1.5 22 9 1.5 229

The results presented in table I demonstrate the wide
difference in performance that can be caused by relatively
slight changes in the inner and outer clearances. Such
clearances must be controlled to very close tolerances if the
performance of a full-floating bearing is to be predicted.
By changing only the clearances, the speed ratio in the table
varied from 0.21 to 0.54.

The decrease in the total heat generated in the two films
of a full-floating bearing over that generated in the single
film of an equivalent bearing is illustrated by the data in
table I. Evidently, the total heat generated in a full-Boating
bearing may be as little as one-half that generated in an
equivalent journal bearing. By the proper adjustment of
clearances, the combined effect of increased oil flow and
decreased heat generation may yield a temperature criterion
that is greater than 20. Bearings 2 and 4 illustrate the
manner in which the clearances may be chosen to cause the
inner bearing to fail first.

The load capacity of a bearing is directly proportional to
the Sommerfeld number. Comparison of the Sommerfeld.
numbers of bearings 1 and 5 (each having the same inner
clearance) shows that the load capacity of the inner bearing
is somewhat improved by increasing the ratio of clearances
from 1 to 2 but at the same time the load capacity of the
outer bearing is considerably reduced. The c¢learance com-
binations of bearings 3 and 5, in which the ratio of clearances
is equal to 2, are advantageous from a consideration of the
operating temperature of the bearing (v is approximately 23).
This increased cooling capacity, however, is obtained at the
expense of a decrease in load capacity. This effect is found
to be the general case.

The best combination of clearances to be used depends
upon the conditions under which the bearing must operate.
If the speed of the journal is high and the load is relatively
light, cooling the bearing is the paramount problem; under
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such circurnstances a ratio of clearances greater than 1 might
be employed. It should be noted, however, that the mea-
sured speed ratio of the full-floating bearing became less
reproducible as the ratio of clearances was increased.
From an over-all consideration of bearing operation, includ-
ing reproducibility, load capacity, and cooling capacity, a
ratio of clearances of a little less than 1 would be desirable
for most full-floating bearings. This bearing will be stable
and will have approximately equal load ecapacities in the
inner and outer oil films. Whereas this bearing will not
have the maximum temperature criterion, its cooling capac-
ity will be about twice that of an equivalent journal bearing.

(b) Reotating sleeve, rotating load (relative
to ground).
{d) Nonrotating sleeve, rotating load (rela-
tive to ground),
(e) Equivalent to (d), relative to point on
load vector.

(a) Rotating sleeve, unidirectional load.
(¢} Equivalent to (b), relative to point on
load vector.

FicurE 10.—Diagrammatic representations of floating bearings subjected to unidirectional
and to rotating loads.

FULL-FLOATING BEARING WITH ROTATING LOAD

Free sleeve.—The foregoing discussion pertains to a full-
floating bearing under a unidirectional load, as diagrammati-
cally shown in figure 10 (a). The operating characteristics
are significantly changed when a bearing of this type is sub-

jected to a rotating load. The most common case, in which
the load rotates at the same speed as the shaft, will be con-
sidered in the following discussion. (Sce fig. 10 (b).) Inas-
much as it is difficult to visualize the effective motion between
the bearing surfaces when the load is rotating, it is advan-
tageous to employ an equivalent diagram oriented with
respect to a [ixed point on the load vector (fig. 10 (¢)). Com-
parison of this diagram with figure 10 (a) indicates that the
rotating and stationary elements are interchanged. The
equations and charts of the foregoing analysis may therefore
be made applicable to a bearing operating under a rotating
load by simply changing the notation, that is, by numbering
the successive surfaces inward from the outer surface rather
than outward from the inner surface. (Sece symbol list.)

The ratio of radii is less than 1 for & bearing operating
under a rotating load whereas this ratio was always greater
than 1 with a unidirectional load. Inasmuch as the curves
of figures 3 and 6 are relatively flat for high values of Som-
merfeld number, where the full-floating bearing is of most
interest, curves for values of ratio of radii less than 1 are in-
cluded only in figure 7. The speed ratio will evidently be
greater for a bearing subjected to a rotating load than for a
bearing supporting a unidirectional load; the temperature
criterion is also slightly greater. Tt should be noted that the
equivalent journal bearing used in the comparison with a
full-floating bearing subjected to a rotating load had a
diameter and clearance equal to that for the outer bearing.
On the other hand, the equivalent journal bearing used in
the comparison with a unidirectionally loaded full-floating
bearing had a diameter and clearance cqual to that of the
inner bearing.

Restrained sleeve.—In order to improve the over-all load
capacity of a floating bearing, Stone and Underwood (refer-
ence 9) proposed a bearing with a nonrotating sleeve
(fig. 10 (d)). Rotationof the floating element is prevented by
loosely pinning it to the outer bearing surface in such a way
that curvilinear translation (irrotational motion)is permitied.
The equivalent diagram with respect to the load vector is
given in figure 10 (¢). The load capacity of the inner bear-
ing is then equal to the capacity of the equivalent journal
bearing for which ¢,=¢;, and r,=rye¢r;, whereas the load
capacity of the outer bearing is twice the capacity of the
equivalent journal bearing. The heat generated, however,
in the floating bearing is always greater than that developed
in the equivalent journal besring as is evident from the
following equation, which may be developed by a sequence of
steps similar to those used in deriving equation (5):

%_’= 1+ (ﬁ) [30n_wf1;nx:3/ I—n (12)
€ C2 16n,(1—n.2) + %S,

where 7/ is the total heat generated per unit {ime in the
bearing of figure 10 (¢), and the subscripts 1 and 2 refer to
the outer and inner oil films, respectively, of the foating
bearing.
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The quantity F,/H,is shown in figure 11 plotted against
the Sommerfeld number for a conventional bearing having
a diameter the same as that of the inner journal of the float-
ing bearing. Whereas the additional heat generated in the
floating bearing over the heat developed in a similar equiv-
alent bearing is small for lightly loaded bearings, this addi-
tional heat may be as much as 100 percent greater than the
heat generated in the equivalent bearing under heavy load.
A bearing having similar properties under a unidirectional
load is obtained by loosely pinning the floating element to

the shaft.
OTHER DESIGN CONSIDERATIONS

The full-floating bearings shown in figures 10 (2) and 10 (c)
will operate at a lower temperature than an equivalent
journal bearing of ¢,=e;=c, but the load capacity will be
reduced by a factor equal to the speed ratio. This lower
operating temperature is due to the combined effects of de-
creased heat generated in the oil film and increased oil flow
through the bearing. The floating bearing, which has a non-
rotating sleeve (fig. 10 (d)), will have a load capacity equal
to the capacity of the equivalent journal bearing but will
operate at a temperature intermediate between the tempera-
ture of the equivalent journal bearing and that of the full-
floating bearing with rotating sleeve. The decision to re-
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Fieure 11.—Ratio of heat genersted in bearing of figure 10 (d) to that generated in conven-
tional journal bearing of same shaft diameter plotted against Sommerfeld number. Clear-
ances ¢; and ¢z refer to outer and inner ofl Alms, respectively; ratio of radii rafry, 1.

strain the floating sleeve depends upon whether bearing
temperature or load capacity is the eritical factor.

SUMDMARY OF RESULTS

An analysis of full-losating bearings operating under either
a unidirectional or a rotating load has been made and a de-
sign chart is presented from which the important operating
characteristics of such bearings may be obtained. This
analysis enabled the following observations to be made:

1. The floating sleeve operated over a wide range of speeds
for a given shaft speed; the exaet speed of the element prin-
cipally depended on the ratio of clearances and the ratio of
radii.

2. The speed ratio of the full-floating bearing became
increasingly irreproducible as the ratio of clearances was in-
creased above 1.

3. Less total heat was generated in the two oil films of a
full-floating bearing than was generated in the single oil film
of an equivalent journal bearing (if the floating sleeve was
not restrained from rotating).

4. The over-all cooling capacity of a full-floating bearing
was always greater than that of an equivalent jourpal
bearing.

5. The failure of the floating sleeve of a full-floating bear-
ing to start always from rest, when under load, would be an
important consideration in the design of this bearing.

6. The floating sleeve was observed to whirl at rotative
speeds of this element as low as 50 rpm under light load.
The speed of the whirl was observed to vary from 0.329 to
0.717 times the floating-sleeve speed as the speed of the sleeve
varied from 217 to 630 rpm.

7. The load capacity of a full-floating bearing was less
than that of an equivalent journal bearing if the clearances
between all mating surfaces were the same. By adjusting
the clearances for a full-floating bearing, the load capacity
would be greater or less than that of a conventional journal
bearing of the same shaft diameter.

ATRCRAFT ENGINE RESEARCE LABORATORY,
NaTioxnaL Apvisory COMMITTEE FOR AERONAUTICS,
CreEvELAND, Quio, January 1, 1947.



APPENDIX

DERIVATION OF EQUATIONS FOR SPEED OF FLOATING SLEEVE

Expressions are first derived for the friction torques
acting on the journal and bearing surfaces of a conventional
journal bearing. These expressions may then be used to
obtain the friction torques, which act at the inner and outer
surfaces of a full-floating bearing. The following assump-
tions are involved in the derivation:

(1) Lubricant is Newtonian.,

(2} Flow is laminar.

(3) There is no slip between fuid and wall.

(4) Inertia effects of fluid may be neglected..

(5) Weight of fluid may be neglected.

{6) Fluid is incompressible.

(7) Film pressure is constant with depth of film.

(8) Curvature of film may be neglected.

(9) Films are so thin that they may be unwrapped.

(10) Slopes of unwrapped films are so small that the cosine
of the angle is unity and the sine of the angle is equal to the
angle in radians.

(11) Viscosity of the fluid is uniform throughout the film.

DERIVATION OF GENERAL FRICTION TORQUE EQUATIONS

A conventional journal bearing is shown operating under
load in figure 12. In the system of coordinates employed,

- redmemee b —gdrdy
pdydz - - - (o+ gfdz‘/dydz
¥ JL - g “\\4 ------ sdadzx
> tee (s+ ai—g dz)drdy
z

F16URE 12.—Diagrammatic representation of forces acting on journal bearing operating under
load, showing forces upon elementary particle of lubricant in direction of motion.
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the z-axis extends along the surface of the bearing but is not
attached to this surface. Consider the free-body diagram of
a particle of lubricant with all forces acting upon it parallel
to the z-axis. The sum of all these forces must be zero;
that is,

p dy d,,—(p%—g—g dx)dy dz—&—(s—i—gz a’y)d:c dz—sdrdz+

(w% dz)dr dy—s dx dy=0 (A1)
or
op_ 0s
o +bz (42)
By Newton’s law of viscous flow
ou , ou
8=pu a”g}‘{“&) (A3)

From equations (A2) and (A3), noting thaL <<b because

the lubricant film is thin

ou_10p
ayz ©ox

(Ad)

The following equation is obtained by integrating twice with
respect to ¥ and evaluating the constants of integration from
the following conditions: u=U, when y=0, and u=U;
when y=h:

1 0p

u=ﬂ 5 y(y—h) +% U—Uyn+U, (A5)

From equations (A3) and (A5)
19 3
s=5 5L @y—n+£ (U,—1y) (46)

When a continuous oil film is assumed to extend around the
bearing (a full journal bearing), the friction torque acting
upon the bearing surface is

Tomr [ sumnds dz (AT)
Because dé:rde, (A8)
=t [ [ " samndo dz (A9)
and therefore
f f 1 2L do dat ur(U,— Us) f Jz" ddz  (aq9
the following integration may be performed by parts:
f’h ds=ph | "~ ["p Guae (A11)
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The first right-hand term is 0 and hence from equations
(A10) and (A11}

L f'?r dh

dh (2 df
. Yds

T, =5 ] Ao dz+ur' LU= 1) | (A12)

SO

The Blm thickness at any point in the oil film (fig. 12)
can be expressed to a good approximation as

/’z—c (1-4-cos 8) (A13)
where bearing attitude n=%-
EFrom equations (A12) and (A13)
h_—ﬂl f psin0ds de4 urtL(U,—Uy) - —)— (A14)

Inasmuch as all forces acting on the bearing in a direction
perpendicular to the line of centers GO’ (fg. 12) must be
zero for equilibrium

L 2=
[; psingdddz=Msin ¢ (A15)
From equations (Al4) and (Al5)
[T 2r .
Ty=—- Wsin ¢—{— 2(0 7s) (A16)

The following expression for the torque acting upon the
journal surface may be similarly derived:

ne 2% [.L) 2L

Ty="5Wsin ¢+~ 77— 5(U,—=Us) (A1)

APPLICATION OF FRICTION-TORQUE EQUATIONS

A full-floating bearing is diagrammatically shown in figure
13. The torques 7) and T3, which act upon the inner and
outer surfaces, respectively, of the floating bearing, must be
equal in accordance with static equilibrium. Expressions
for T, and 7, may be obtained by substituting the proper
dimensions from figure 13 in equ&tlons (A18) and (A17),
respectively.

ap (27Tl 211'1"1;V1>
T — 6 W sin L ( 60 (AIS)
=TTy
- RN 1—711
BN 178 s PN w2ur? L(reNy—riNy) .

Tl—‘ Tn sin @7 1501‘\‘{1—‘7212 (1&19)
[ 4 37 AT

Ty sin g AT LN (420)

2 150sy 1—1g?

Equating (A19) and (A20) and noting that reNg—r /N =
1 (Ny— V1) to a very good approximation

erd 'T—n? )\ +

Cgrl '\'l—'ni

A‘Tg:(l

13(.‘1‘\ 1—711 I{

——— (eyn, SIN P3-Heyny sin
Ol L (27 Q21 €17 é1)

(A21)
The following equation is obtained by replacing W’ in
equation (A21) with its equivalent 2LrP,, where P, is the
unit bearing load acting on the projected area of the inner

bearing:

N:<1r€i2\1 )\+ o
clrl Y l_nﬂ -
= P
e 1= niP, (conz sin ¢+ciny sin ¢;)  (A22)

3 .2
R

been

The viscosities of the inner and outer oil films have
considered equal in the foregoing derivation.

AB =&,
BO =€;

Ficurg 13.—Diagrammatic representation of forces acting on full-floating journal bearing
operating under load.

The attitude angle ¢ (fig. 12) has a value of 90° when a
load of any magnitude is imposed upon a full journal bearing
of infinite length (reference 8, p. 107). The significant end
flow associated with bearings of finite length causes this
attitude angle to vary with load. The manner in which the
attitude angle for this bearing varies with load cannot be _
analytlcallv expressed inasmuch as the differential equation
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for the pressure distribution in the load-carrying oil film of
a full journal bearing of finite length has not been solved in
closed form. Published results of several experimental
investigations of this problem are available, as well as
approximate solutions for partial bearings. (See references
10 to 14.) This work indicates that, as the bearing is
loaded, the journal center moves along a path similar to the
one shown in figure 14. It will therefore be assumed in this

FI6URE 14,—Path taken by center of journal as applied load is increased.

investigation that, as load is applied, the journal central
moves along a circular arc in accordance with the following
expression:

e==¢ cOos ¢ (A23)
sin p=+/1-n2 (A24)
From equations (A22) and (A24)
( +Clr2 \/1—_77'1 ) Vl
C271 By 1_
1—n.2 . .
+M (Cznz\/l—’nzz“f‘cmx ’\/1_’”12) (A25)

iar?
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Further simplification of this equation requires a relation
between the load acting on the bearing and the resulting
attitude. Whereas this expression is unavailable for a bear-
ing of finite length, the equation for a full journal bearing of
infinite length (reference 8, p. 120) is

S— ()nN 5(2+m’) (1—n¥)™

T

(A26)

Sommerfeld number is, in general, only of qualitative value.
Strictly used, it should be applied only to bearings of infinite
length but when employed for the purpose of comparing
two bearings of the same finite length, the errors introduced
by ignoring end leakage tend to cancel each other.

Swift (reference 15) analytically shows that the load
capacity of a unidirectionally loaded bearing in which both
journal and bearing rotate in the same direction (as in fig. 12)
is the same as though the journal alone were to rotate at
a speed equal to the sum of the actual journal and bearing
speeds. Stone and Underwood (reference 9) have experi-
mentally verified Swift’s analytical results. Therefore, in
applying equation (A26) to the inner oil film of a full-floating
bearing, the speed to be used is Ny+N; and equation (A26)
then becomes

7 2 . 2\1/2
S () EOEND _5@nd Un)
TN
For the outer oil film equation (A26) becomes
si=() p =X At T g
L Cs 1!'2’11.2

Equations (A25), (A27), and (A28) may be combined to give

V(O] oo
<%>2< > (2+n.%) ;_ (73) 2'{_61:]—2‘{"721
3n, (m \/m?—{—g—f N /1—n2> (A30)

METHOD OF CONSTRUCTING CHARTS

Equations (A27), (A29), and (A30) may be used to con-
struct charts from which values of the speed ratio Ny/N, may
be determined for any value of the Sommerfeld number for
given values of ratio of clearances cy/e, and ratio of radii r/r,.
The sequence of operations to be followed in obtaining such
charts is summarized as follows:

(a) Choose values for c/e; and ryfr;.

(b) For the values of (a), plot n, against n; by use of
equation (A30).
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(c) Plot S, against n, by use of equation (A27).

(d) For a given value of Sy, find the corresponding values
of n; (from curve of (¢)) and n, (from curve of (b)).

(e} Substitute these values of n; and #n, in equation (A29)
and determine the corresponding value of the speed ratio
NI/J‘.’\TQ.

(f) Repeat this procedure using other values of S; to obtain
data for a curve of N[N, against S; corresponding to the
chosen values of e;fe, and ryfr.

In practice, S; (equation (A27)) is not a convenient variable
to use because it is necessary to know the speed N, of the
floating sleeve as well as the shaft speed Ny before S; may
be determined. A more convenient variable is

(1Y N, .

S"_(\cl, 2 (A31)

The quantity S; may be expressed in termns of S, from equa-
tions (A27) and (A31) as follows:

(YA N (o A

si=(2) & No( 1+ =145 (432)

This equation may be used to replot speed-ratio curves against

the Sommerfeld number S, instead of S;. A number of

speed-ratio curves obtained in this manner are shown in
figure 3.
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